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A B S T R A C T

Purpose
We developed three absolute risk models for second primary thyroid cancer to assist with
long-term clinical monitoring of childhood cancer survivors.

Patients and Methods
We used data from the Childhood Cancer Survivor Study (CCSS) and two nested case-control
studies (Nordic CCSS; Late Effects Study Group). Model M1 included self-reported risk factors,
model M2 added basic radiation and chemotherapy treatment information abstracted from
medical records, and model M3 refined M2 by incorporating reconstructed radiation absorbed
dose to the thyroid. All models were validated in an independent cohort of French childhood
cancer survivors.

Results
M1 included birth year, initial cancer type, age at diagnosis, sex, and past thyroid nodule diagnosis.
M2 added radiation (yes/no), radiation to the neck (yes/no), and alkylating agent (yes/no). Past
thyroid nodule was consistently the strongest risk factor (M1 relative risk [RR], 10.8; M2 RR, 6.8;
M3 RR, 8.2). In the validation cohort, 20-year absolute risk predictions for second primary thyroid
cancer ranged from 0.04% to 7.4% for M2. Expected events agreed well with observed events for
each model, indicating good calibration. All models had good discriminatory ability (M1 area under
the receiver operating characteristics curve [AUC], 0.71; 95% CI, 0.64 to 0.77; M2 AUC, 0.80; 95%
CI, 0.73 to 0.86; M3 AUC, 0.75; 95% CI, 0.69 to 0.82).

Conclusion
We developed and validated three absolute risk models for second primary thyroid cancer. Model
M2, with basic prior treatment information, could be useful for monitoring thyroid cancer risk in
childhood cancer survivors.

J Clin Oncol 31:119-127. © 2012 by American Society of Clinical Oncology

INTRODUCTION

The incidence of childhood cancers in developed
nations has been increasing at a modest but consis-
tent rate.1,2 Because of therapeutic advances, this rise
in the pediatric cancer rate has coincided with a
significant decline in mortality, and 85% of 5-year
childhood cancer survivors diagnosed after 1970 are
expected to survive another 30 years or more.3 De-
spite its curative benefit, the treatment for childhood
cancers can have adverse late effects on the health of
long-term survivors, including an increased risk of
primary malignancies and cardiac- or pulmonary-
related mortality.4-7

Approximately 10% of subsequent primary
malignancies among childhood cancer survivors
are cancers of the thyroid gland.8 This excess risk

is largely attributable to prior radiotherapy. The
risk of second primary thyroid cancer (SPTC)
persists throughout the adult life of irradiated
survivors and is highest for those who re-
ceived a radiation absorbed dose of 15 to 30 Gy to
the thyroid.9,10

Previous studies11,12 of SPTC among child-
hood cancer survivors have focused on overall inci-
dence, excess risk,9,10 or measures of relative risk
(RR).13-19 No study has yet quantified the absolute
risk of SPTC. Absolute risk is the probability that an
individual with a specific risk profile will develop
disease by a given age in the presence of competing
events.20,21 A validated risk prediction tool could be
important for clinical practice, as exemplified by
established absolute risk models for breast cancer
and cardiovascular disease.22-24
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Table 1. Summary Characteristics of the Analytic Sample Stratified by Study and SPTC Case Status

Characteristic

Noncases SPTC Cases

CCSS
(n � 11,873)

LESG
(n � 82)

Nordic
(n � 36)

CCSS
(n � 124)

LESG
(n � 22)

Nordic
(n � 13)

No. % No. % No. % No. % No. % No. %

Femaleab 5,609 47 54 66 27 75 86 69 14 64 10 77
Type of first cancerabc

Bone cancer 1,000 8 4 5 3 8 11 9 0 0 1 8
CNS 1,540 13 3 4 7 19 16 13 1 5 0 0
HL 1,514 13 15 18 1 3 39 31 5 23 5 38
Kidney (Wilms tumor) 1,045 9 21 26 2 6 2 2 4 18 1 8
Leukemia 4,058 34 0d 7 29 33 27 0 2 15
Neuroblastoma 805 7 27 33 1 3 8 6 7 32 0 0
NHL 878 7 5 6 1 3 6 5 2 9 1 8
Soft tissue sarcoma 1,033 9 3 4 2 6 9 7 1 5 0 0
Other 0 0 4 5 12 33 0 0 2 9 3 23

Age at diagnosis, yearsabc

� 5 4,846 41 51 62 12 33 33 27 11 50 3 23
5-9 2,599 22 15 18 6 17 27 22 5 23 2 15
10-14 2,346 20 11 13 4 11 50 40 4 18 2 15
15� 2,082 18 5 6 14 39 14 11 2 9 6 46

Year of birthabc

Before 1970 4,435 37 —e 30 83 55 44 — 11 85
1970-1986 7,438 63 — 6 17 69 56 — 2 15

Radiationabf 7,896 67 71 87 17 47 112 90 22 100 12 92
Radiation, Gyabfg

Median 1.1 3.3 0.72 20.35 11.7 7.43
IQR 0.47-20.20 0.88-19.97 0.17-3.68 10.00-30.69 4.41-26.03 1.75-21.23

Chemotherapyacf 9,569 81 42 51 16 44 102 82 12 55 9 69
Alkylating agentabcf 6,405 54 27 33 8 22 84 68 9 41 5 38

Other chemotherapyf

Bleomycinf 702 6 10 8
Anthracyclinesf 4,886 41 43 35
Platinum agentf 725 6 6 5
Epipodophyllotoxinsf 1,125 9 12 10

Radiation to neckbf

Yes 2,888 24 88 71
No 8,984 76 36 29
Missing 1 0 0 0

Age at last known vital status,
yearsb

� 21 1,357 11 20 16
21-34 6,015 51 81 65
35-44 3,537 30 21 17
45� 964 8 2 2

No. of visits to physicianbh

None 4 0 0 0
1-6 6,677 56 65 52
7-20 2,077 18 34 27
20� 1,372 12 9 7
Missing 1,743 15 16 13

Years since last physical
examinationbh

� 1 5,306 45 63 51
1-4 3,253 28 32 26
5� 904 8 12 10
Never 575 5 4 3
Missing 1,835 15 13 10

(continued on following page)
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There is debate among experts about best practices for mon-
itoring thyroid cancer risk in childhood cancer survivors who
received radiotherapy. The Children’s Oncology Group recom-
mends a yearly thyroid examination,25,26 but other expert groups
recommend limiting physical examination of the thyroid to survi-
vors with a self-reported thyroid enlargement or nodule.27 A risk-
prediction tool for SPTC could help clinicians appropriately match
the intensity of monitoring to a patient’s individual risk and
thereby reduce the harms associated with unnecessary screening
and false-positive diagnoses.28,29

In this article, we report, to the best of our knowledge, the first
absolute risk models for SPTC in 5-year survivors of a childhood
cancer. Because it may not always be possible to obtain detailed infor-
mation about treatment during early childhood, we developed three

models: one model included self-reported risk factors only, a second
model included risk factors from self-report and medical record ab-
straction, and the third model considered all available risk informa-
tion, including a reconstructed radiation absorbed dose to the thyroid
gland. We validated each model in an independent cohort of child-
hood cancer survivors and compared each model’s ability to correctly
classify low- and high-risk individuals.

PATIENTS AND METHODS

Patients

Study populations. For model development, we combined data from a
large ongoing cohort, the Childhood Cancer Survivor Study (CCSS),30,31 and

Table 1. Summary Characteristics of the Analytic Sample Stratified by Study and SPTC Case Status (continued)

Characteristic

Noncases SPTC Cases

CCSS
(n � 11,873)

LESG
(n � 82)

Nordic
(n � 36)

CCSS
(n � 124)

LESG
(n � 22)

Nordic
(n � 13)

No. % No. % No. % No. % No. % No. %

Ever smokedb

Yes 2,601 22 29 23
No 8,691 73 94 76
Unsure 81 1 1 1
Missing 500 4 0 0

Use of any thyroid medicationbf

Yes 1,021 9 49 40
No 10,335 87 68 55
Unsure 76 1 0 0
Missing 441 4 7 6

Overactive thyroid (in lifetime)bi

Yes 301 3 12 10
No 11,372 96 105 85
Unsure 176 2 6 6
Missing 24 0 1 1

Underactive thyroid (in lifetime)bi

Yes 1,314 11 45 36
No 10,338 87 63 56
Unsure 198 2 8 8
Missing 23 0 1 1

Thyroid nodules (in lifetime)bi

Yes 478 4 70 56
No 11,181 94 46 37
Unsure 182 2 7 6
Missing 32 0 1 1

Thyroid enlargement (in lifetime)bi

Yes 390 3 56 45
No 11,261 95 62 50
Unsure 178 2 5 4
Missing 50 0 1 1

Abbreviations: CCSS, Childhood Cancer Survivor Study; HL, Hodgkin lymphoma; LESG, Late Effects Study Group; NHL, non-Hodgkin lymphoma; SPTC, second
primary thyroid cancer.

aComparing noncases between studies, P � .05; Wilcoxon test for continuous variables; �2 test for categorical variables.
bComparing cases between studies, P � .05; Wilcoxon test for continuous variables; �2 test for categorical variables.
cComparing combined cases and noncases, P � .05; Wilcoxon test for continuous variables; �2 test for categorical variables.
dIn LESG, there were no second thyroid cancers for survivors of childhood leukemia.
eData not collected. In LESG, 26 patients (25%; seven cases and 19 controls) were older than age 8 years at the childhood cancer diagnosis and were therefore

known to have been born after 1970.
fDuring 10 years following first cancer, determined from medical record.
gReconstructed dose.
hDuring previous 2 years; self-report on baseline questionnaire.
iCombined self-report on baseline questionnaire and 2007 follow-up questionnaire.
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two case-control studies, the Late Effects Study Group (LESG)15 and the
Nordic Childhood Cancer Survivor Study (Nordic).11,32 CCSS participants
were 5-year survivors of a childhood cancer diagnosed between 1970 and 1986
at 26 medical centers in the United States and Canada, with follow-up to
January 1, 2010, for this analysis. LESG was a nested case-control study of
cancer survivors diagnosed before age 18 between 1936 and 1979 at 13 US
medical centers. Nordic was a nested case-control study of survivors diagnosed
between 1960 and 1987 who were identified through national cancer registries
for Denmark, Finland, Iceland, Norway, and Sweden. Patients were eligible for
inclusion in the study analysis if they were alive and at risk of developing SPTC
5 years after a first primary cancer (FPC) diagnosed before age 21 and had a
reconstructed radiation absorbed dose to the thyroid gland.

For model validation, we used data from the 3,254 French patients in the
France/United Kingdom Childhood Cancer Survivor Study (CCSS-France) co-
hort, consisting of childhood cancer survivors identified from national registries
between 1942 and 1986 who had information on benign thyroid conditions and
had a reconstructed radiation absorbed dose to the thyroid gland.14

Outcome definition. SPTC was defined as the first occurrence of a
pathologically confirmed thyroid malignancy by using the International Clas-
sification of Diseases (9th revision; ICD-9) codes 193.0 to 193.9 or ICD-
Oncology (3rd revision; ICD-O-3) site code 73.9 (morphology less than 9000).

Competing risks. Competing events for SPTC were death, self-reported
complete removal of the thyroid gland, and other second primary cancers, which
were determined from pathology reports with follow-up to January 1, 2010.

Predictors. Patient self-reported variables included demographic informa-
tion, medical conditions, and health behaviors (Data Supplement). Factors ob-
tained from medical records included use of radiation therapy, body regions
irradiated, and use of each one of five classes of chemotherapeutic agents. The
treatment period was the first 10 years following the childhood cancer diagnosis.
Onereconstructedriskfactorweconsideredwastheradiationabsorbeddosetothe
thyroid gland, which was estimated from dosimetric models that used anthropo-
metric characteristics, water phantoms, and data abstracted from radiotherapy
records; CCSS and LESG used the dose reconstruction methods of Stovall et al,33

and Nordic and CCSS-France used the methods of Diallo et al.34

Taking the imprecision of the self-reported age at thyroid nodule diag-
nosis into consideration, thyroid nodule diagnoses made within 12 months of
the SPTC diagnosis were considered coincident with the SPTC diagnosis and
were, therefore, not counted as predictive factors.

Statistical Methods

Model development. We developed three absolute risk models for SPTC
by using data from self-report (model 1 [M1]), self-report and medical records
(model 2 [M2]), and all available sources including the reconstructed radia-
tion absorbed dose to the thyroid (model 3 [M3]). Estimates of absolute risk
combined semiparametric estimates of baseline incidences and RRs for SPTC
and competing risk comprising death, thyroid removal, or other second pri-
mary cancers (Data Supplement). Baseline incidences were estimated from the
observed event times in the CCSS cohort. RRs for SPTC were estimated from
the pooled cohort and case-control studies, but competing event RRs were
estimated from the CCSS cohort only. Hazard models for SPTC under M1 and
M2 and competing event models for M1, M2, and M3 followed a Cox propor-
tional hazards model. For the M3 model of SPTC, we used a nonlinear excess
relative risk (ERR) model,35,36 with separate radiation dose-response curves by
age at childhood cancer diagnosis (Data Supplement). Starting from a base
model, risk factors were selected by using a stepwise forward regression pro-
cedure with a 10% significance level using the CCSS data only. The base model
for M1 included sex and age at diagnosis of the childhood cancer, M2 added
radiation (yes/no), and M3 replaced radiation-related variables from M2 with
the reconstructed dose model (Data Supplement).

The case-control studies did not have data for thyroid nodules, neck
irradiation, and birth year (for 75% of LESG only). A multiple imputation37,38

procedure handled missing data for these variables (Data Supplement).
Validation. Each model was validated in the independent cohort of

French 5-year childhood cancer survivors. We assessed model calibration by
comparing the expected to the observed number of events overall and in
selected subgroups. The projection length for each individual was the time
from study entry to the end of study follow-up on January 1, 2010.39 Discrim-
inatory performance was evaluated with the area under the receiver operating
characteristic curve (AUC), and 95% CIs for differences between model AUCs
were constructed with bootstrap methods. We contrasted each model’s ability
to correctly assign more cases to higher-risk categories and more noncases to
lower-risk categories with the net reclassification index (NRI)40 using 20-year
SPTC risk projections. For the NRI calculations, we defined absolute risk
estimates less than 0.5%, 0.5% to 1.5%, and more than 1.5% as low-,
intermediate-, and high-risk categories on the basis of consultation with our
study’s clinicians.

Table 2. Multivariable Relative Risk Estimates for Models of SPTC in Childhood Cancer Survivors (N � 12,150; 159 events)

Risk Factor
M1 M2 M3

Subgroup Characteristics

RR 95% CI RR 95% CI RR 95% CI
No. of
Events %

No. of
Patients

%
Irradiated

Mean
Dose (Gy)

Birth year after 1970 1.54 1.00 to 2.37 1.67 1.05 to 2.64 1.77 1.08 to 2.90 69 0.9 7,507 62.9 6.44
Age at FPC � 15 years 2.78 1.53 to 5.06 3.17 1.63 to 6.16 137 1.4 10,027 66.4 8.5
Hodgkin lymphoma FPC 2.58 1.71 to 3.91 49 3.1 1,579 93.9 34.95
Female 1.75 1.23 to 2.49 2.28 1.56 to 3.32 2.12 1.34 to 3.37 110 1.9 5,800 65.6 11.24
Thyroid nodules (in lifetime)� 10.81 6.51 to 17.98 6.83 4.06 to 11.48 8.22 4.59 to 14.74 28 5.5 506 90.5 26.49
Any alkylating agent† 1.56 1.07 to 2.28 1.49 1.08 to 2.06 98 1.5 6,538 71.2 12.12
Any radiation† 1.92 0.92 to 4.02 146 1.8 8,130 100 11.17
Radiation to neck† 5.57 3.33 to 9.33 88 3 2,967 100 28.11
Radiation dose (linear term)‡

By age at FPC, years§
� 5 1.58 0.58 to 4.32
5-9 1.66 0.85 to 3.26
10-14 2.33 1.10 to 4.94
�15 0.87 0.34 to 2.22

Radiation dose (exponential
term) �0.60 �0.043 to �0.085

Abbreviations: FPC, first primary cancer; M1, model 1; M2, model 2; M3, model 3; RR, relative risk; SPTC, second primary thyroid tumor.
�Self-reported “Yes” at baseline or 2007 follow-up; diagnoses within 12 months of SPTC excluded.
†Within 10 years of FPC.
‡Computationally reconstructed radiation dose (Gy) to thyroid.
§Likelihood ratio test against model with homogeneous linear term, P � .08.
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RESULTS

Development Data

The analysis included 12,150 individuals comprising 11,997 par-
ticipants (124 cases) from the CCSS and 153 participants (35 cases)
from the case-control studies. Compared with noncases, cases in each
study were significantly more likely to have been treated with radiation
or with an alkylating agent; to have had radiation treatment including

the neck and absorbed doses greater than 5 Gy to the thyroid gland;
and to have a diagnosis of hypothyroidism, thyroid enlargement, or
thyroid nodule (Table 1). Of the 159 SPTC cases, 131 (82%) were
papillary (Data Supplement).

RR Models

M1. The self-report RR model included the following signifi-
cant risk factors of SPTC: birth after 1970, age younger than 15 years at

Table 3. Summary Characteristics of the Model Development (CCSS, LESG, Nordic) and Validation (CCSS-France) Samples Stratified by SPTC Status

Characteristic

Noncases SPTC Cases

Model Development
(n� 11,991)

CCSS-France
(n� 2,927)

Model
Development

(n� 159)
CCSS-France

(n� 39)

No. % No. % No. % No. %

Female 5,690 47 1,279 44 110 69 24 62
Type of first cancerabc

CNS 1,550 13 426 15 17 11 2 5
HL 1,530 13 198 7 49 31 11 28
Kidney (Wilms tumor) 1,068 9 621 21 7 4 7 18
Neuroblastoma 833 7 416 14 15 9 7 18
NHL 884 7 328 11 9 6 5 13
Other 6,126 51 938 32 76 45 7 18

Age at diagnosis, yearsb

� 5 4,909 41 1,542 53 47 30 11 28
5-9 2,620 22 699 24 34 21 14 36
10-14 2,361 20 592 20 56 35 13 36
15� 2,101 18 90 3 22 14 0 0

Year of birthbc

Before 1970 4,465 37 1,341 46 66 42 24 62
1970-1986 7,444 63 1,575 54 71 45 15 38
Missing 11 0 0 0 22 14 0 0

Radiation, Gybcde

Median 1.1 0.7 19.0 6.5
IQR 0.5-20.3 0.2-5.6 6.9-29.0 1.1-16.3

Radiationbe 7,984 67 2,049 70 146 92 36 92
Radiation to necke 2,888 24 761 26 88 55 29 74

Missing 119 1 0 0 35 22 0 0
Chemotherapybe 9,627 80 2,173 74 123 77 28 72

Missing 0 14 0 0 0 0 0 0
Alkylating agentbe 6,440 54 1,437 49 98 62 19 49

Other chemotherapye

Bleomycinbe 702 6 161 6 10 6 5 13
Anthracyclinesbe 4,886 41 933 32 43 27 11 28
Platinum agentbe 725 6 181 6 6 4 2 5
Epipodophyllotoxinsbe 1,125 9 80 3 12 8 1 3

Ever smokedbcf 2,601 22 947 32 29 18 17 44
Use of hypothyroid medicationbg 948 8 179 6 43 27 14 58
Overactive thyroidbf 301 3 46 2 12 8 5 21
Underactive thyroidbf 1,314 11 115 4 45 28 4 17
Thyroid nodulesf 478 4 121 4 70 44 11 46
Thyroid enlargementcfh 390 3 39 1 56 35 2 8

Abbreviations: CCSS, Childhood Cancer Survivor Study; HL, Hodgkin lymphoma; IQR, interquartile range; LESG, Late Effects Study Group; NHL, non-Hodgkin
lymphoma; SPTC, second primary thyroid cancer.

aLeukemia cases were excluded from CCSS-France.
bComparing noncases, P � .05; Wilcoxon test for continuous variables; �2 test for categorical variables.
cComparing cases, P � .05; Wilcoxon test for continuous variables; �2 test for categorical variables.
dReconstructed dose.
eDuring 10 years following first cancer, determined from medical record.
fIn lifetime; self-report on baseline questionnaire.
gCCSS-France collected only treatment information for hypothyroidism; same restriction applied to CCSS cohort.
hCCSS-France assessed goiter; CCSS enlargement or swelling.
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FPC, an FPC diagnosis of Hodgkin lymphoma, female sex, and prior
diagnosis of a thyroid nodule (Table 2). A prior diagnosis of thyroid
nodules was the strongest risk factor (RR, 10.8; 95% CI, 6.5 to 18.0);
the RRs from all other factors ranged from 1.5 to 2.8. An FPC diagnosis
of Hodgkin lymphoma (RR, 1.7; 95% CI, 1.6 to 1.9) and any prior
diagnosis of a thyroid nodule (RR, 1.7; 95% CI, 1.3 to 2.2) were also
found to be significant prognostic variables for competing events in
the self-report-only model (Data Supplement).

M2. When treatment variables from medical records were con-
sidered, indicators of radiation, radiation to the neck, and the use of an
alkylating agent were strong risk factors. Birth after 1970, age younger
than 15 years at FPC, female sex, and prior diagnosis of a thyroid
nodule were also significant. The magnitudes of the RRs were similar
to M1 but the RR of thyroid nodules was reduced (RR, 6.8; 95% CI, 4.1
to 11.5). In the competing events model, the presence of treatment
variables with large RRs—1.6 (95% CI, 1.5 to 1.7) for alkylating agents
(yes/no), 2.1 (95% CI, 1.8 to 2.3) for radiation (yes/no), and 1.8 (95%
CI, 1.6 to 1.9) for radiation to the neck (yes/no)—resulted in an
attenuation of the RR associated with thyroid nodules (RR, 1.4; 95%
CI, 1.1 to 1.8; Data Supplement).

M3. In an ERR model that included the radiation absorbed dose
to the thyroid gland (with separate dose-response curves by age at
diagnosis), birth year, sex, and treatment with an alkylating agent were
significant risk factors. The risk association for thyroid nodules was
slightly stronger than in the M2 model (RR, 8.2; 95% CI, 4.6 to 14.7).
The dose-response parameters of M3 indicate an increasing RR up to
15 Gy and a declining risk at higher doses. Given the same radiation
absorbed dose, the effect modification by age (P � .08) suggests that
survivors diagnosed after age 14 had the lowest excess risk. All
treatment-related factors were strongly associated with the competing
risk model for M3; the risk association for thyroid nodules (RR, 1.5;
95% CI, 1.1 to 1.9) was unchanged from M2 (Data Supplement). We
found no significant interactions between absorbed dose and use of an
alkylating agent, treatment era, or years from the FPC diagnosis.

Validation cohort. Among the 2,966 French survivors who met
inclusion criteria, there were 39 SPTC cases, 261 other second primary

malignancies, and 400 deaths before a second cancer diagnosis. SPTC
cases and noncases of the CCSS and CCSS-France cohorts differed on
most baseline characteristics (Table 3). SPTC cases in the validation
cohort were all younger than age 15 years when diagnosed with a
childhood cancer, had a significantly lower median radiation ab-
sorbed dose to the thyroid, and had significantly fewer diagnoses of
thyroid nodules.

Example projections. For illustrative purposes, we report 20-year
SPTC risk for three selected childhood cancer survivors from CCSS-
France (Table 4). The SPTC risk difference between profile A (low
risk) and profile C (high risk) is as large as 10%. M1 gave a more
similar predicted risk for patients B and C than either M2 or M3,
which demonstrates the limited discriminatory ability of M1.

Validation. There was no significant bias in the overall calibra-
tion of models M1 to M3 (Table 5). In general, M2 had the least
evidence of bias across subgroups defined by demographic and
treatment-related variables. Ratios of the observed numbers of cases to
expected numbers of cases computed from the models during
follow-up for the risk categories less than 0.5%, 0.5% to 0.749%,
0.75% to 0.99%, 1.0% to 1.24%, 1.25% to 1.49%, and 1.5%� were
0/1, 2/3, 9/6, 1/4, 6/4, and 21/19 for M1; 3/4, 2/2, 3/3, 2/2, 1/0.5, and
28/25 for M2; and 8/4.5, 7/2, 2/2, 1/1, 0/1, and 21/18 for M3. The
agreement between the observed and expected counts across risk
groups provides further support that the models were unbiased.

Discrimination significantly improved with the inclusion of
treatment risk factors: M2 had an AUC of 0.80 (95% CI, 0.73 to 0.86),
a 0.09 (95% CI, 0.02 to 0.15) statistically significant improvement over
M1 (AUC, 0.71; 95% CI, 0.64 to 0.77), and a statistically significant
improvement of 0.05 (95% CI, 0.01 to 0.10) over M3 (AUC, 0.75; 95%
CI, 0.69 to 0.82).

When compared with M1, both M2 and M3 significantly im-
proved the 20-year SPTC risk classification of noncases (M2 v M1 NRI
for noncases, 0.15; 95% CI, 0.13 to 0.18; M3 v M1 NRI for noncases,
0.24; 95% CI, 0.21 to 0.26). There was a small statistically significant
improvement in classification using M3 versus M2 (NRI for noncases,
0.07; 95% CI, 0.05 to 0.09). M1 categorized 42% (95% CI, 40% to

Table 4. 20-Year Absolute Risk Projections (%) for Three Selected Patients From CCSS-France

Risk Factor Factor in M1, M2, M3

Patient A� Patient B† Patient C†

Subgroup Gy %‡ Subgroup Gy % Subgroup Gy %

Age at FPC � 15 years Y,Y,N Y Y
Birth year after 1970 Y,Y,Y N Y Y
Age 5 years at FPC Y,Y,Y Y Y Y
Hodgkin lymphoma FPC Y,N,N N Y N
Female Y,Y,Y N Y Y
Thyroid nodules (in lifetime) Y,Y,Y N N N
Any alkylating agent for FPC N,Y,Y N Y Y
Any radiation N,Y,N N Y Y
Radiation treatment to neck N,Y,N N N Y
Radiation dose to thyroid N,N,Y 0 0.2 15.7
M1 0.21 5.6 2.2
M2 0.05 1.6 7.1
M3 0.04 1.0 10.6

Abbreviations: CCSS, Childhood Cancer Survivor Study; FPC, first primary cancer; M1, model 1; M2, model 2; M3, model 3; N, no; Y, yes.
�Projection interval for Patient A is 6 to 26 years.
†Projection intervals for Patient B and Patient C are 17 to 37 years.
‡Absolute risk.
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43%) of noncases in the lowest-risk group, M2 categorized 64% (95%
CI, 62% to 65%), and M3 categorized 69% (95% CI, 68% to 71%;
Fig 1).

M2 also significantly improved classification of cases when
compared with M1 (NRI for cases, 0.36; 95% CI, 0.12 to 0.59) and
M3 (NRI for cases, 0.35; 95% CI, 0.16 to 0.56). There was no
difference in M1 and M3 case classification (NRI for cases, �0.03;

95% CI, �0.24 to 0.19). M2 categorized 46% (95% CI, 30% to
63%) of cases in the highest-risk group, whereas M1 categorized
26% (95% CI, 14% to 42%) and M3 categorized 33% (95% CI,
20% to 50%). The substantive conclusions of these comparisons
were unchanged when a six-category or continuous NRI was used
(data not shown).

DISCUSSION

We have developed the first absolute risk prediction models for SPTC
in 5-year survivors of a childhood cancer, differing by the treatment
information they included. In an independent validation cohort, all
three models were well calibrated and had greater discriminatory
ability than established prediction models for incidence of other can-
cers.41 A model that included sex, birth after 1970, age younger than 15
years when diagnosed with a childhood cancer, prior diagnosis of a
thyroid nodule, history of radiation therapy, radiation therapy includ-
ing the neck, and history of treatment with an alkylating agent (M2)
had the best overall discriminatory performance, with an AUC of 0.80.
This model significantly improved discrimination and risk classifica-
tion compared with a model without treatment information (M1) and
performed as well as a model that included radiation absorbed dose to
the thyroid (M3).

Because of its potential clinical utility for managing thyroid
cancer risk in childhood cancer survivors, we have written software
to compute risk projections using model M2 (Data Supplement;
http://dceg.cancer.gov/tools/riskassessment) and provided se-
lected tabulations with 95% CIs constructed from an influence-
based variance42 as a Data Supplement. Despite its somewhat
inferior performance to M2, M1 had good discriminatory ability
and might be considered for SPTC risk assessment when sufficient
treatment data are unavailable.43

Table 5. Comparison of Model Calibration Based on the CCSS-France Validation Cohort (n � 2,966; events � 39)

Factor Subgroup
No. of

Patients
Events

Observed

M1 M2 M3

Expected/
Observed 95% CI

Expected/
Observed 95% CI

Expected/
Observed 95% CI

Overall 2,966 39 1.06 0.77 to 1.47 1.08 0.78 to 1.50 1.33 0.92 to 1.91
Birth year after 1970 Y 1,589 14 1.36 0.81 to 2.30 1.30 0.77 to 2.20 1.09 0.64 to 1.84

N 1,377 25 0.71 0.48 to 1.05 0.71 0.48 to 1.06 0.57 0.38 to 0.84

Age at FPC � 15 years Y 2,876 39 0.93 0.68 to 1.27 0.91 0.67 to 1.25 0.74 0.54 to 1.01

Hodgkin lymphoma FPC Y 209 11 0.55 0.30 to 0.99 0.52 0.29 to 0.95 0.51 0.28 to 0.92
N 2,757 28 1.10 0.76 to 1.59 1.08 0.75 to 1.57 0.85 0.59 to 1.23

Female Y 1,303 24 0.92 0.62 to 1.38 0.96 0.64 to 1.43 0.75 0.50 to 1.11

N 1,663 15 0.97 0.59 to 1.61 0.87 0.53 to 1.45 0.76 0.46 to 1.26

Thyroid nodules� N 2,965 39 0.94 0.69 to 1.29 0.92 0.66 to 1.26 0.75 0.55 to 1.03

Any alkylating agent Y 1,456 19 0.99 0.63 to 1.55 1.10 0.70 to 1.72 0.92 0.59 to 1.44

N 1,510 20 0.90 0.58 to 1.39 0.76 0.49 to 1.18 0.60 0.38 to 0.92

Any radiation Y 2,085 36 0.77 0.56 to 1.07 0.92 0.66 to 1.27 0.74 0.54 to 1.03
N 881 3 3.01 0.97 to 9.33 1.05 0.34 to 3.24 0.88 0.28 to 2.71

Radiation to neck Y 786 29 0.43 0.30 to 0.62 0.84 0.59 to 1.21 0.62 0.43 to 0.90
N 2,180 10 2.42 1.30 to 4.51 1.16 0.62 to 2.16 1.13 0.61 to 2.09

Radiation dose � 10 Gy Y 405 11 0.67 0.37 to 1.21 1.15 0.64 to 2.08 1.11 0.62 to 2.01

N 2,561 28 1.05 0.72 to 1.52 0.84 0.58 to 1.21 0.61 0.42 to 0.89

NOTE. Factors included in a given model appear in bold.
Abbreviations: CCSS, Childhood Cancer Survivor Study; FPC, first primary cancer; M1, model 1; M2, model 2; M3, model 3; N, no; Y, yes.
�Diagnosis status at the beginning of the projection interval.
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Fig 1. Comparison of model risk classification for 20-year projected risk of
second primary thyroid cancer in the France/United Kingdom Childhood Cancer
Survivor Study validation cohort (n � 2,966; events � 39). M1, model 1; M2,
model 2; M3, model 3.
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In its recent review, the National Council on Radiation Protec-
tion and Measurement recommended the development of risk predic-
tion models for second primary cancers for cancer survivors to
facilitate risk-based clinical monitoring.44 As the first absolute risk
model for second primary cancers following a childhood cancer, we
chose to focus on thyroid cancer because it is a leading second cancer
affectingsurvivors,8 andits riskhashigh individualvariation.Risk-guided
monitoringforthyroidcancercould,therefore,haveanimportantimpact
on optimizing screening and interventional decision making during the
long-term follow-up of childhood cancer survivors.

Our study had several limitations. We imputed missing data
on thyroid nodules, radiation to the neck, and birth year in the
case-control studies on the basis of information from the CCSS
cohort. This approach assumes that the joint distribution of these
variables, given all observed ones in the CCSS cohort, well approx-
imates this distribution in the case-control studies. SPTC numbers
were too small to determine risk differences by histology. Further,
M3 was based on a reconstructed measure of radiation absorbed
dose to the thyroid gland, and different reconstruction methods
were used in the CCSS and LESG studies33 than in the Nordic and
CCSS-France studies.34 The possibility of measurement error and
study differences in dosimetry methods might have limited the
ability of M3 to serve as a standard of reference for M1 and M2
risk-prediction performance. Although an increased risk of SPTC
has been found to persist 30 to 40 years after treatment of child-
hood cancer,9,17 given the length of follow-up in the CCSS cohort
at the time of our analysis, our models do not allow one to estimate
SPTC risk beyond age 50 years. However, as CCSS patients age and
more data become available, the models can be updated accord-
ingly to allow longer-term projections.

Independent validation is the strongest test of model perfor-
mance. However, the validation based on the CCSS-France cohort
had some shortcomings. Cancer cases diagnosed after age 14 years
were excluded from the CCSS-France study, which prevented external
validation of our models for this age group. Further validation for
individuals diagnosed between age 14 and 21 years is therefore needed.
There were also noticeable differences in the distributions of recon-
structed radiation absorbed dose in the CCSS-France cohort and the
model development data set (Data Supplement), which raises the
possibility that the radiation dose-response relationship in this cohort

was distinct from what was estimated from the model development
data. However, in a pooled analysis that included participants from
the CCSS, LESG, Nordic, and CCSS-France studies, Veiga et al36

found no statistically significant differences between studies based on
a linear-exponential-linear ERR dose-response model for subsequent
thyroid cancer risk.

In summary, we have developed the first absolute risk models
for SPTC and validated them in an independent cohort of child-
hood cancer survivors. Our analysis was strengthened by the inclu-
sion of a multinational data set of patients with childhood cancer
who were diagnosed before the 1990s identified through academic
medical centers and national disease registries. These models will
need to be updated as more outcome data become available for
survivors in older adulthood. It will also be important to determine
how changes in treatment modalities after the 1990s might have an
impact on the applicability of these models to later cohorts of
childhood cancer survivors.
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